Extensions of the standard model with low-energy supersymmetry generically allow baryon-and lepton-number violating operators of dimension four and five, yielding rapid proton decay. The dimension-four operators are usually forbidden by matter parity. We investigate to what extent the appearance of dimension-five operators at the Planck scale may be constrained by the different grand-unified gauge groups. We find that dimension-five operators are suppressed in models based on E6 and SU(3) C × SU(3) L × SU(3) R , where four matter fields do not form a gauge singlet.
Although the standard model (SM) is extremely successful, it is likely that it is only an effective theory, subsumed by a more fundamental theory at short distances. If this more fundamental theory lies at a scale much greater than the weak scale, then weak-scale supersymmetry supplies a means to stabilize the hierarchy between these two scales. Remarkably, with the renormalization group equations of the minimal supersymmetric extension of the standard model (MSSM) above the weak scale, the three gauge couplings (with α 1 = 5 3 α ′ , such that hypercharge is a properly-normalized SU(5)-generator) meet at M GUT = 2 × 10 16 GeV. This supports the idea that the strong, weak, and electromagnetic interactions are unified into a grand unified theory (GUT) with a single gauge coupling. It is striking that the experimental evidence for small but non-vanishing neutrino masses fits nicely in this framework, as M GUT is of the right order of magnitude to generate small Majorana masses for the neutrinos.
Weak-scale supersymmetric models suffer from the need to impose an additional symmetry, as they generically allow baryon-and lepton-number violating operators of dimension four: QLd c , u c d c d c and LLe c . Here Q and L denote the quark and lepton doublet superfields and u c , d c and e c the up and down antiquark and the positron superfields, respectively. One simple symmetry to forbid these operators is matter parity, a Z 2 symmetry, where the matter superfields are odd, and the Higgs and gauge superfields are even [1] . Matter parity is a discrete subgroup of U(1) B−L , and is equivalent to R parity [2] .
Even with matter parity, however, the baryon-and lepton-number violating dimension-five operators QQQL and u c d c u c e c are allowed. These operators are generated when color-triplet Higgs fields, which are generically present in GUTs, are integrated out. These Higgs fields must acquire masses of order M GUT in order to avoid rapid proton decay via these dimension-five operators. With superpartners at the weak scale, the proton decay rate is typically near the experimental limit [3] .
Regardless of grand unification, we should expect these dimension-five operators to be gravitationally induced [4] . If they are suppressed by the Planck mass, M P = 2 × 10
18
GeV, then their coefficients must be smaller than 10 −7 in order to satisfy the bounds on proton decay.
1 One way to explain these small coefficients is to argue that they are similar to Yukawa couplings [6] ; this idea may be realized in models with spontaneously-broken global flavor symmetries [7] . However, there is considerable doubt that exact global symmetries exist in nature [8] . In this letter we investigate to what extent the appearance of these operators at the Planck scale may be constrained by the different grand-unified gauge groups.
Among the most promising GUT groups are SO(10) [9] , E 6 [10] and SU(3) C × SU(3) L × SU(3) R ≡ G TR [11] . As rank-5 and rank-6 groups, respectively, they have a U(1) B−L subgroup, and thus potentially preserve matter parity [2] . In SO(10), the MSSM matter fields, together with the right-handed neutrino, fit into the spinor representation, 16 M , while the MSSM Higgs fields are in the vector representation, 10 H . Therefore SO(10) distinguishes between matter and Higgs fields. Since
the dimension-four operator [16 M ] 3 cannot appear, as it is not SO(10) invariant. This is an improvement over the MSSM as well as SU (5), where the dimension-four opera-
Matter parity is automatic in SO(10) if one restricts the Higgs representations such that the only operators allowed by the gauge symmetry contain an even number of matter fields.
2 In realistic models with automatic matter parity, fermion masses are generated via renormalizable Yukawa operators. In light of Eq. (1), this requires using large representations, 120 H and 126 H (in addition to 10 H ) [6] . In addition to being aesthetically unappealing, such large representations cause the SO(10) gauge coupling to blow up well below M P [13] . This is not necessarily a problem, however, since quantum gravity could become important below M P .
Models with small representations require Higgs fields in the spinor representation, 16 H + 16 H , where the SM singlets, N H and N H , acquire vacuum expectation values (vevs) to break SO(10) to SU (5) . Then the differentiation between matter and Higgs fields is lost, with the undesirable consequence that matter parity is no longer automatic, since operators with an odd number of matter fields are now allowed by SO (10) 
are generated, suppressed only by M GUT /M P . Since these operators mediate very rapid proton decay in a model with weak-scale supersymmetry, we must impose matter parity (or some other symmetry) to forbid this operator.
Despite the loss of automatic matter parity, SO(10) models with Higgs fields in the spinor representation have some nice features. Right-handed neutrino masses are generated via the dimension-five operator [ [14] .
Whether matter parity is automatic or imposed, the dimension-five operator [ 
is allowed by SO(10) symmetry. We should expect this operator to be induced at the Planck scale, in which case its coefficient must be less than 10 −7 to evade the bounds on proton decay. While it is possible to arrange this (or even forbid this operator altogether) with spontaneouslybroken flavor symmetries [15] , we would like to explore whether such an operator can be suppressed by considering a larger gauge group.
Let us therefore proceed to E 6 , where the MSSM matter fields are embedded in the fundamental representation, 27 M . It decomposes with respect to SO(10) × U(1) as
In addition to the SO(10) spinor, which contains the MSSM matter fields, we find an SO(10) vector and a singlet, S, both of which acquire masses of order M GUT when E 6 is broken to the SM. Since 
which yields the usual dimension-four baryon-and leptonnumber violating operators when N H , the SM singlet field in 16 H , acquires a GUT-scale vev (see the earlier discussion of SO (10)).
As an example where R parity is automatic in E 6 , suppose that SO (10) Other operators of dimension seven that generate dimension-five operators are
where we list only contributions with SO(10) × U(1) Higgs components that potentially have GUT-scale vevs. To conclude the case of E 6 , we have seen that the dimension-five operators are suppressed with respect to SO(10) by one power of M GUT /M P ∼ 10 −2 , and that it is possible to use a discrete symmetry to increase the suppression to (M GUT /M P ) ∼ 10 −4 . Neither of these are sufficient by themselves to provide the necessary suppression of 10 −7 , but they may be part of the reason why these operators are suppressed.
The results of E 6 also apply to the trinified group, SU(3) C × SU(3) L × SU(3) R ≡ G TR , where the equality of the three gauge couplings is enforced by a discrete symmetry, such as 3 [11, 19] . It is a maximal subgroup of E 6 but is an interesting GUT candidate itself, in particular since it is broken to the SM without adjoint Higgs fields.
Leptons, quarks and antiquarks are in different representations,
which together complete the 27 of E 6 . Thus Q M contains the quark doublet plus a color triplet, B, whereas the corresponding color anti-triplet, B c , and the SM antiquark singlets are in Q The dimension-five operators are also generated analogously to E 6 . Consider the dimension-six operators
. These generate the dimension-five operators, suppressed by one power of M GUT /M P , as in E 6 .
The trinified model offers another possibility not available in SO(10) and E 6 . We can remove the 3 that equates the three gauge couplings, and assume that some additional structure, such as string theory, is responsible for their equality. Then we can introduce a discrete symmetry under which quark and lepton fields transform differently. As an example, consider a 2 symmetry, under which the quark fields are odd but the lepton fields even. Then baryon-number violating interactions are absent altogether at the classical level, via operators of any dimension. However, this discrete symmetry has mixed 2 − SU(3) L,R anomalies, and may be strongly violated by quantum gravitational effects [20] .
In this letter we have shown that dimension-five operators are suppressed with respect to SO(10) by one power of M GUT /M P ∼ 10 −2 in both E 6 and the trinified group, SU(3) C × SU(3) L × SU(3) R . The suppression may be increased to (M GUT /M P ) 2 ∼ 10 −4 via a discrete symmetry. While neither of these is sufficient to supply the necessary suppression of 10 −7 , they may be part of the reason why dimension-five operators are suppressed.
We are grateful to C. Albright, S. Martin, and J. Sayre for comments on the manuscript. This work was supported in part by the U. S. Department of Energy under contract No. DE-FG02-91ER40677.
